Introduction
Photonic crystals are artificially fabricated crystals with a well-defined periodicity. When fabricated at nano scale, these structures have the ability of controlling light propagation. Photonic crystals control light by imposing a "photonic band gap", which essentially forbids propagation of light at a certain frequency range. The gap is intimately tied to the structural parameters of the photonic crystal; hence it is possible to adjust the gap position. However, one can obtain localized propagating modes inside the forbidden gap frequency region by introducing defects into the photonic crystal. Photonic crystals made of metals have been shown to possess the remarkable ability to recycle energy in the forbidden gap region to be emitted from a region near the forbidden band edge. These ideas have been used in several applications, including highly sensitive, tunable sensors [1] and highly efficient light sources [2] . This paper concentrates on another application of photonic crystals: We show photonic crystals can be used to selectively enhance and modify the light spectra of InAs Self Assembled Quantum Dot (SAQD) emissions in Mid-IR wavelengths. Quantum Dots, when used as light sources, offer unique advantages. For instance, quantum dots are able to emit light normal to the growth surface, whereas light produced by a quantum well is always parallel to the growth surface. It is therefore possible to develop new devices based solely on this property of SAQD based light sources. Before SAQD light sources could be used, however, improvements must be made on their emission spectra, which is rather broad (approximately 24 THz in our case) due to inhomogeneous broadening in SAQD energy levels. Our purpose in this work is to theoretically investigate interactions between a photonic crystal and a light source placed into a central defect cavity. The photonic crystal serves to confine lateral propagation of light, which in turn interacts strongly with the central cavity and modifies emission characteristics of the light source.
The paper is arranged as follows: In the next section we give simulation details. In the third section we present results, thus showing how photonic crystal cavity devices might be used to enhance SAQD emissions.
Simulation Details
There are several computational methods suitable for solving Maxwell's equations. In this work we use the Finite Difference Time Domain (FDTD) method due to its ability to simulate the underlying physics in a piece-by-piece manner. Additionally, FDTD allows us to obtain time evolution of electromagnetic fields as well as cavity quality factors, emission properties and other useful information.
The simulation case of interest in our case is similar to the optically thin photonic crystal cavity structure discussed by Vuckovic et al. [3] In this structure, there are holes (r/a=0.3, air filled) drilled into a dielectric slab (ε=11.56, thickness 0.6a) conforming to a hexagonal lattice with lattice constant a. This photonic crystal has a gap in lateral directions for TE polarized modes. The central hole in which the quantum dot source is placed is filled with a different material (ε=5.76), forming a cavity. UPML absorbers with air buffers are placed on all sides of the photonic crystal except for the bottom side. A Perfect Magnetic Conductor (PMC) boundary terminates the bottom side instead. This arrangement helps eliminating TM modes and reduces the simulation space size by one half. Including UPML boundaries, the size of the simulation space is 396x386x128 grid points (a=14 grid points). Using an OpenMP parallelized simulation program tuned for the machine [4] , the simulation for 8000 time steps takes approximately 24 hours on an Origin 2000 system with 8 MIPS R12000 processors running at 350 MHz. Results from a detection point located 6 grid points above the source are saved and transformed to frequency domain using FFT. The system is set up so as to capture the enhancement effects of the photonic crystal cavity structure for emissions close to the surface normal. We set up the excitation source with a sine modulated Gaussian pulse, ( )
where τ adjusts the width of the Gaussian pulse and f 0 is the frequency for modulation. In Figures 2-5 , the center frequency for free space cases is approximately 39.5 THz, whereas the full width half maximum (FWHM) spans 26.5 THz-52.5 THz.
Results and Discussion
To better see the enhancement effects we set up several simulation cases. In Figures 4 and 5 , results from the structure illustrated in Figure 1 are presented. For Figure 3 , all air filled holes are removed from the structure with 3.5 micronlattice constant, effectively leaving the source in a slab with a defect rod forming a cavity. For Figure 2 , the defect is also removed, leaving the source in the dielectric slab.
Several points are evident from these cases: Firstly, Figure 3 shows the effects of placing the source into a defect cavity, which does not favor normal emission modes over modes emitted parallel to the slab surface. Second, comparison of Figure 3 , which indicates the cavity modes of the defect, to Figure 4 , clearly shows the enhancement effects of the photonic crystal to the cavity modes, observable in the form of sharp peaks. As expected, addition of the photonic crystal to the system inhibits the lateral emissions, enhancing normal modes. It is also possible to make some adjustments by changing the cavity dimensions and the photonic crystal lattice constant: In Figure 5 , the lattice constant a is increased to 5 microns. This change causes a shift in both photonic band gap frequencies and cavity resonance frequencies. The enhanced cavity modes in this case cover almost all of the emission range of the source.
To sum up, in this work we have shown how a photonic crystal cavity structure can enhance the emission modes of a quantum dot source. The enhancement effects are primarily due to the features of the photonic crystal structure. 
